Summary Somatic embryos of Norway spruce (Picea abies (L.) Karst.) differentiate from proembryogenic masses (PEMs), which are subject to autodestruction through programmed cell death. In PEMs, somatic embryo formation and activation of programmed cell death are interrelated processes. We sought to determine if activation of programmed cell death in PEMs is caused by genetic aberrations during somatic embryogenesis. Based on the finding that withdrawal of auxin and cytokinin induces programmed cell death in PEMs, 1-week-old cell suspensions were cultured in medium either with or without auxin and cytokinin and then transferred to maturation medium containing abscisic acid. We analyzed the stability of three nuclear simple sequence repeat (SSR) microsatellite markers at successive stages of somatic embryogenesis in two cell lines. There were no mutations at the SSR loci at any of the successive developmental stages from PEMs to cotyledonary embryos, irrespective of whether or not the proliferation medium in which cell suspensions had been cultured contained auxin or cytokinin. The morphologies of plants regenerated from the cultures were similar, although withdrawal of auxin and cytokinin significantly stimulated the yield of both embryos and plants. We conclude, therefore, that the high genetic stability of somatic embryos in Norway spruce is unaffected by the induction of programmed cell death caused by withdrawal of auxin and cytokinin.
Introduction
Vegetative propagation creates possibilities both for the deployment of selected genotypes through mass propagation and for capturing and enhancing genetic gain in breeding programs. Today the most common way to propagate trees vegetatively is by cuttings. However, large-scale propagation by cuttings presents technical difficulties with many tree species because of poor rooting, accelerated aging of the mother trees and low survival rates (Bentzer 1993) . In some species, including Norway spruce (Picea abies (L.) Karst.), these difficulties can be overcome by combining somatic embryogenesis and cryopreservation (Högberg et al. 1998) . However, to make use of somatic embryogenesis in forestry, it is important to show that the somatic embryo plants are genetically stable and have similar growth potential as seedlings.
Conifer plant regeneration through somatic embryogenesis comprises a sequence of stages including establishment of embryogenic cultures, proliferation of embryogenic cultures followed by somatic embryo maturation, desiccation, germination and finally ex vitro acclimatization of somatic embryoderived plants. Improved growth of somatic embryo-derived plants of Norway spruce has recently been achieved through a series of measures including: (1) identification and elimination of in vitro treatments impairing the quality of somatic embryos and early post-embryonic growth von Arnold 1998, Högberg et al. 2001) ; (2) synchronization of somatic embryo formation and stimulation of embryo development to the stage at which the embryos are most responsive to abscisic acid (ABA)-induced maturation ; and (3) critical selection among young somatic embryo plants following ex vitro transfer (Högberg et al. 2003) .
In embryogenic cell cultures of Norway spruce, somatic embryos differentiate from proembryogenic masses (PEMs), the latter being subject to autodestruction by autophagic programmed cell death (Filonova et al. 2000b) . Embryo formation and activation of programmed cell death seem to be interrelated processes in PEMs-both processes are suppressed in the presence of auxin and cytokinin and stimulated by withdrawal of these plant growth regulators (PGR) (Filonova et al. 2000b . We assume that PEMs represent early somatic embryos deviating from the normal developmental pathway and lacking a strict apical-basal embryonic pattern, owing to excessive cell proliferation (Filonova et al. 2000a) . Therefore, activation of programmed cell death in PEMs in response to withdrawal of auxin and cytokinin might be caused by genetic aberrations at this intermediate developmental stage. Although this possibility has not been tested in plants, many mammalian studies have demonstrated that selective embryo abortion represents a mechanism to eliminate inherited or prenatally induced genetic defects (for review see Wilcox et al. 1988) . The process of abortion of aberrant mammalian embryos relies on the activation of programmed cell death (Hardy 1999 , Qumsiyeh et al. 2000 , Hardy et al. 2001 . A similar mechanism has recently been found to operate during plant polyembryony leading to elimination of all but one embryo in a seed .
In the present study, we used three, nuclear, simple-sequence repeat (SSR) microsatellite markers to analyze genetic stability at successive stages of somatic embryogenesis in Norway spruce, from proliferating PEMs to individual somatic embryos. We compared the pattern of microsatellite length polymorphism in two cell lines cultured with or without auxin or cytokinin. We found that neither culture procedure induced microsatellite variation during embryo formation and development, providing strong evidence for high genetic stability of Norway spruce clonal stock produced by somatic embryogenesis.
Materials and methods

Plant material
Two embryogenic cell lines of Norway spruce (Picea abies (L.) Karst.), 95:88:17 and 95:88:22, belonging to the same full-sib family were investigated. Both lines were produced in 1995 from immature zygotic embryos obtained from a controlled cross between trees S3096 (paternal parent) and T3015 (maternal parent) that are members of a plus-tree population (Högberg et al. 1998 ). The cell lines were stored in liquid nitrogen and thawed 5 months before the start of experiments (Nörgaard et al. 1993) . Needles from both parents were sampled in the field during autumn 2002 to determine the parental genotypes.
Somatic embryogenesis
Stable proliferating suspension cultures were established by weekly transfers of 3 ml (line 95:88:22) or 4 ml (line 95:88:17) of settled cell aggregates to 500-ml Erlenmeyer flasks containing 96 ml of proliferation medium supplemented with the plant growth regulators (PGR) 9.0 µM 2,4-dichlorophenoxyacetic acid (auxin) and 4.4 µM N 6 -benzyladenine (cytokinin) .
When established, 1-week-old cell suspensions were subjected, in parallel, to two culture procedures, hereafter designated Methods A and B, to initiate embryo development as described by Bozhkov et al. (2002) . Five Erlenmeyer flasks were run in parallel for each method. Briefly, in Method A, 5-ml samples of settled cell aggregates collected from each Erlenmeyer flask were washed with 20 ml of proliferation medium lacking auxin and cytokinin (hereafter PGR-free medium). Cell aggregates (1-ml settled cells) were plated on filter paper discs placed on solidified embryo maturation medium containing 30 µM ABA in 60-mm petri plates. In Method B, cell aggregates collected from each Erlenmeyer flask were washed as described for Method A and then subcultured in PGR-free medium at the same cell density as used for proliferation. After 1 week, the pretreated cell suspensions were plated on ABA-containing maturation medium as described for Method A. In both methods, two to four petri plates were prepared from each of five Erlenmeyer flasks. Maturation of somatic embryos was carried out in the dark at 22 ± 1°C, with 2-week subculture intervals. After 7 weeks of maturation, fresh mass of the culture on each petri plate was determined and cotyledonary somatic embryos of normal morphology were isolated.
Developmental dynamics and cell death
The frequency of PEMs and early somatic embryos in the suspension culture were determined after 7 days of growth in PGR-containing (Method A) or PGR-free (Method B) medium . Five Erlenmeyer flasks were used per treatment and over 500 individual cell aggregates were scored per flask. Simultaneously, samples of the suspension cultures were subjected to terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL; In Situ Cell Death Detection Kit, TMR red, Roche, Mannheim, Germany) to observe nuclear DNA fragmentation (a robust marker of the late stages of programmed cell death in this biological system) (Filonova et al. 2000b , Smertenko et al. 2003 . The percentage of TUNEL-positive cells was determined by scoring over 500 PEM cells counterstained with 4′-6-diamino-2-phenylindole for each Erlenmeyer flask, as previously described (Filonova et al. 2000b ).
DNA preparation
Samples for DNA isolation included: (1) needles from both parental trees; (2) proliferating cultures grown for 7 days in PGR-containing medium and collected just before Methods A and B were applied (two samples per flask, in total 20 samples per cell line); (3) early somatic embryos at the end of pretreatment in PGR-free medium in Method B (two samples per flask, in total 10 samples per cell line); (4) cultures treated with ABA for 2 weeks (at least 10 samples for each method and cell line); and (5) cotyledonary somatic embryos after 7 weeks of ABA treatment (at least 55 embryos for each method and cell line). The fresh mass of each sample, except for the needles, did not exceed 20 mg. All samples were kept frozen at -70°C until DNA isolation. The samples were disrupted in liquid nitrogen with a Retsch Mill MM301 (Retsch, Haan, Germany) and DNA was extracted with the aid of DNeasy Plant Mini Kit (Qiagen, Cologne, Germany). Parental needles were rinsed in Milli-Q ultrapure water (Millipore, Billerica, MA) before DNA extraction.
Microsatellite analysis
We used the three nuclear SSR microsatellite loci (SpAGC1, SpAGC2 and SpAGG3) and the PCR primers described by Pfeiffer et al. (1997) . These loci have previously been used to study genetic variation in three Norway spruce populations in Austria (Geburek et al. 1998 ) and among full-sib families of Norway spruce belonging to a Swedish Breeding Program (Yazdani et al. 2003) . The same loci have also proved to be sensitive for detecting genetic instability in embryogenic cultures of Norway spruce (Burg et al. 1999) .
Each 25-µl PCR reaction contained 0.125 µl of DNA poly-merase (HotStarTaq 5 units µl -1 , Qiagen, Cologne, Germany), 0.4 µM of each dNTP, 2.5 mM MgCl 2 , 0.2 µM of each primer, 2.5 µl PCR amplification buffer (Qiagen; 10× concentrated, 15 mM MgCl 2 ), and 1 or 5 µl of genomic DNA for different samples (DNA concentration ranged from 4 to 15 ng µl -1 , with an average of 8 ng µl -1 ), and the volume was adjusted to 25 µl by adding autoclaved Milli-Q ultrapure water (Millipore). The PCR amplifications were performed in T1 and TGradient (Biometra, Goettingen, Germany), Geneamp PCR system 9700 (Applied Biosystems, Foster City, CA), PTC-100 and PTC-200 (MJ Research, Waltham, MA) thermocyclers using 96-well plates and strip tubes (Biozym Biotech Trading GmbH, Wien, Austria). The PCR amplification profile was: initial activation for 15 min at 95°C followed by 36 cycles of 50-s denaturation at 95°C, 50-s annealing at 59, 58 or 60°C for SpAGC1, SpAGC2 and SpAGG3, respectively, and a 1-min extension at 72°C. The last cycle was followed by a final 10-min extension step at 72°C. The forward primers were always fluorescently labelled by the 5′-reporter dye 6-FAM. We denatured 0.3 or 0.5 µl of the PCR product with 15 µl of Hi-Di Formamide and 0.25 µl GENESCAN-350 ROX molecular weight control at 95°C for 5 min (Applied Biosystems). The samples were then cooled to 4-10°C before the fragment length was determined with an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems). Fragment sizes were calibrated by GENESCAN-350 ROX molecular weight control and analyzed by Genescan 3.17 software. Genotypes were determined with Genotyper 3.17 software (Applied Biosystems).
Genotyping and determination of SSR allele frequencies
To establish the parental genotypes, needles were analyzed for the three SSR loci. The parents could be differentiated at all three loci (Table 1 ). Parental allele sizes were then used to establish whether embryogenic cultures and somatic embryos showed altered alleles. The size categories for the alleles (except parental) were determined by the binning function in PopTools software (Version 2.5.5) developed by Hood (2000) and thereafter scored manually. Representative (GENESCAN) electropherogram profiles of parental and progenitor genotypes for the microsatellite SpAGC1 are shown in Figure 1 .
Plant regeneration
To compare the regeneration capacity of somatic embryos produced by Methods A and B, cotyledonary somatic embryos were partially desiccated and then germinated in a two-phase germination procedure consisting of one month on solidified medium and two months in liquid culture, as previously described (Högberg et al. 2001) . Regenerated plants were potted in peat and transferred to a greenhouse in May 2003. The height of the plants was measured after one growth period in the greenhouse (May-October) in October 2003.
Statistical analysis
Differences in the frequencies of TUNEL, early somatic embryos, numbers of cotyledonary embryos and the height of large and small plants (between methods within a cell line) were determined by the unpaired t-test at the 95% confidence level with GraphPad PRISM 2.0 statistical software.
Results
Plant growth regulators, somatic embryo development and microsatellite stability
We have previously shown that withdrawal of auxin and cytokinin triggers somatic embryo formation, activates programmed cell death in PEMs and fosters embryo development to the stage responsive to ABA-induced maturation (Filonova et al. 2000b . Agreeing with these previous findings, we observed a strong stimulatory effect of withdrawal of auxin and cytokinin (Method B) on both early embryo formation and programmed cell death in PEMs in cell line 95:88:22 ( Figure 2 ) and cell line 95:88:17 (data presented elsewhere; Filonova et al. 2000b , Smertenko et al. 2003 . Given this difference between cultures treated with or without PGR (Figure 2 ), we investigated whether PEMs (stimulated to proliferate by PGR) are characterized by increased genomic instability compared with embryo development (stimulated by withdrawal of PGR). To this end, we assessed the extent of polymorphism at three SSR microsatellite loci at the initial stages of embyro development (Table 1) based on a large number of samples collected from proliferating cultures, cultures stimulated to differentiate embryos by withdrawal of PGR and cultures exposed to ABA for 2 weeks ( Table 2) .
The inheritance and segregation patterns for the three SSR loci were similar to the data previously reported (Pfeiffer et al. 1997 , Yazdani et al. 2003 . The pattern of segregation for the SpAGC2 locus suggested the presence of a "null" allele (i.e., that is not amplifiable) in the S3096 parent because of the absence of the 90-base pair allele in the two progenitor cell lines (Table 1) . Altogether, 515 SSRs were analyzed in 104 samples collected at early stages of somatic embryogenesis (Table 2) . None of these alleles deviated from the alleles constituting the parental genotypes, irrespective of the method used for initiating embryo development.
High stability of microsatellite SSRs in cotyledonary embryos
Although we detected no variation in microsatellite SSR length among a large number of samples of PEMs and early somatic embryos, it was reasonable to assume that mutations in single cells or few-celled aggregates would escape detection by the current method because of the minor contribution of their DNAs to the total DNA from a single sample consisting of a large number of PEMs and early embryos. To determine if putative early mutations can persist throughout the developmental pathway up to the cotyledonary embryo stage, we regenerated large numbers of cotyledonary embryos from cultures pretreated by Methods A and B before exposure to the ABA treatment.
The cultures grown in PGR-free medium had a significantly greater capacity for embryo maturation (P < 0.01) than the cultures transferred directly from PGR-containing proliferation medium to the maturation medium with ABA (Figure 3 ; see also Bozhkov et al. 2002) . Segregation patterns of the microsatellite SSRs were analyzed for 257 cotyledonary embryos (831 SSRs; Table 2 ) regenerated from the two cell lines subjected to Methods A and B. Allelic patterns of inheritance of the three SSR loci were invariant for all cotyledonary embryos derived from the same cell line, regardless of whether the cultures were subjected to Method A or B. Furthermore, these patterns were similar to the patterns observed at earlier developmental stages.
Somatic embryo plants regenerated from cotyledonary embryos were acclimatized to greenhouse conditions, with a survival frequency of 83 and 89% for the plants produced by Methods A and B, respectively (data not shown). About 30% of the plants set terminal bud soon after transfer to the greenhouse, so that two groups of plants, small and large, could be distinguished at the end of the first growth period (Table 3) . There was no effect of withdrawal of PGR just before somatic embryo maturation on height growth of either small or large plants over the first growth period (P > 0.4; Table 3 ), further supporting the evidence for a lack of somaclonal variation during somatic embryogenesis in Norway spruce.
Discussion
We used SSR microsatellite markers to determine if genetic instability is implicated in the developmental pathway of somatic embryogenesis and, in particular, the PEM-to-embryo transition in Norway spruce. The use of microsatellite SSRs as markers for stability of the whole genome is based on the finding that the frequency of changes in repeat numbers at microsatellite loci far exceeds mutation rates in coding regions of the genome (Edwards et al. 1992 , Di Rienzo et al. 1993 . We hypothesized that activation of programmed cell death in PEMs following withdrawal of PGR might be caused by genetic aberrations at this intermediate developmental stage. A similar process occurs during abortion of mammalian embryos, where programmed cell death selectively eliminates abnormal embryos (Hardy 1999 , Qumsiyeh et al. 2000 , Hardy et al. 2001 . In mammalian studies, microsatellite instability has been suggested as a reliable marker of embryo abortion (Kiaris et al. 1996 , Spandidos et al. 1998 . Although the roles of embryo abortion in survival and evolution strategies of plant species are well recognized (e.g., Moller 1996) , little is known about the mechanisms of plant embryo abortion. By using Scots pine natural polyembryony as a model system, we have recently demonstrated that autophagic programmed cell death eliminates all but one monozygotic embryo in a seed . Although we did not analyze genetic defects in the aborted Scots pine embryos, Martínéz-Gomez and Gradziel (2003) have reported chromosomal aberrations in abnormal monozygotic embryos of almond.
In our study with Norway spruce, neither of the two cell lines, each subjected to Methods A and B, demonstrated mutation of microsatellite SSRs at any of the successive stages of somatic embryogenesis, including proliferating PEMs. To explain this observation, two scenarios can be proposed. The first assumes that the entire pathway of somatic embryogenesis in Norway spruce is characterized by an extremely low (frequency lower than 1/1346, where 1346 is the total number of SSRs analyzed), stage-independent rate of somaclonal variation. In contrast, the second, more plausible scenario agrees with our hypothesis postulating genetic instability of PEMs. We cannot rule out that a certain fraction of mutated PEMs escaped detection of microsatellite instability, owing to the high number of cells in each sample used for DNA isolation. Should this scenario be the case, somatic embryo maturation would be a checkpoint for DNA mutation, because no mutants have been observed among individual cotyledonary embryos. Complementary studies using single-cell PCR techniques (Hahn et al. 2000) on individual preselected PEMs (Filonova et al. 2000a (Filonova et al. , 2000b are required to differentiate conclusively between the two scenarios.
From the practical point of view, our data support the reports of high genetic stability of clonal Norway spruce material propagated through somatic embryogenesis (Isabel et al. 1996 , De Verno et al. 1999 , Harvengt et al. 2001 . Furthermore, genetic integrity of somatic embryos of Norway spruce seems to be conserved even during a suboptimal culture protocol, as indicated by the stable pattern of microsatellites in somatic embryos produced by Method A. This work complements our previous studies on the optimization of the procedure for producing Norway spruce by somatic embryogenesis (Högberg et al. 2001 , Högberg et al. 2003 ) and contributes information for the successful implementation of somatic embryos for clonal propagation and breeding programs. Table 3 . Growth of somatic embryo plants after one growth period (May-October) in the greenhouse. Somatic embryo plants were regenerated from cell line 95:88:22 by Method A or B. After transfer to the greenhouse, some plants set buds (small plants), whereas others continued to grow (large plants). Plant height (mean ± SEM) was measured in October at the end of the first growth period. 
